Approximately 30% of infants in the United States are exposed to high doses of isoflavones resulting from soy infant formula consumption. Soybeans contain the isoflavones genistin and daidzin, which are hydrolyzed in the gastrointestinal tract to their genistein and daidzein aglycones. Both aglycones possess hormonal activity and may interfere with male reproductive development. Testosterone, which supports male fertility, is mainly produced by testicular Leydig cells. Our previous studies indicated that perinatal exposure of male rats to isoflavones induced proliferative activity in Leydig cells and increased testosterone concentrations into adulthood. However, the relevance of the neonatal period as part of the perinatal window of isoflavone exposure remains to be established. The present study examined the effects of exposure to isoflavones on male offspring of dams maintained on a casein-based control or whole soybean diet in the neonatal period, that is, Days 2 to 21 postpartum. The results showed that the soybean diet stimulated proliferative activity in developing Leydig cells while suppressing their steroidogenic capacity in adulthood. In addition, isoflavone exposure decreased production of anti-Mü llerian hormone by Sertoli cells. Similar to our previous in vitro studies of genistein action in Leydig cells, daidzein induced proliferation and interfered with signaling pathways to suppress steroidogenic activity. Overall, the data showed that the neonatal period is a sensitive window of exposure to isoflavones and support the view that both genistein and daidzein are responsible for biological effects associated with soy-based diets.
INTRODUCTION
There is growing public concern that exposure of the population to natural and anthropogenic substances in food, water, and the environment may have deleterious effects on reproductive health. Chemicals that have the capacity to interfere with normal functioning of the endocrine system are designated as endocrine disruptors. For example, several reports have indicated that exposure to phytoestrogens found in soy and soy products interferes with reproductive development and cause anomalies of the male reproductive tract [1] [2] [3] . Soybeans predominantly contain a mixture of the isoflavones genistin and daidzin as the b-D-glycosides, which, following ingestion, are hydrolyzed by action of b-glucosidases to genistein and daidzein in the gastrointestinal tract [4] . Isoflavones have a nonsteroidal structure but possess a phenolic ring that enables them to bind estrogen receptors (ESRs) and thereby act as ESR agonists or antagonists [5, 6] . The mean isoflavone intake in breast-fed or cow milk formulafed infants is 0.005-0.01 mg/day but amounts to 6-47 mg/day in soy formula-fed infants [7, 8] . Therefore, the consumption of soy-based infant formulas exposes infants to isoflavone concentrations several orders of magnitude greater than they receive from other dietary sources. Ingestion of high doses of isoflavones by neonates is of concern because exposure of male rats to high isoflavone concentrations affected testis development [9] . Also, other numerous bioactive compounds found in soybeans (i.e., phytic acids, soy protein, soybean oil) are known to regulate hormonal activity [10, 11] .
A panel of experts commissioned by the National Toxicology Program to review the literature on soy isoflavones and their effects on the reproductive tract emphasized the lack of information on isoflavone exposures occurring in the neonatal period [12] . This is the case because most studies, to date, have focused on isoflavone exposures occurring in the continuous timespan of gestation, lactation, and the postweaning period. The continuous exposure paradigm makes it difficult to isolate specific effects associated with the neonatal period. Direct exposure of prepubertal animals to soy isoflavones during the neonatal period will be a suitable model for assessing effects of infant isoflavone exposure due to soy formula consumption [12] . Furthermore, the National Toxicology Program review noted that past studies of soy isoflavones have largely ignored the singular effects of daidzein [12] . This is a big omission because daidzin, which is the parent compound to daidzein, is a predominant isoflavone in soy formulas (;29%-34%) [12] . Also, equol, a bioactive metabolite of daidzin, is known to exert hormonal activity [13] .
Testicular Leydig cells are the predominant source of the male sex hormone testosterone (T), which supports the male phenotype. The development of adult Leydig cells begins by Postnatal Day (PND) 11 in the rat [14] . These cells, which are known as progenitor Leydig cells, divide actively between PND 14 and 28, and then transform into immature Leydig cells at about PND 35 [15] . Immature Leydig cells undergo a final round of cell division to become adult Leydig cells at 56 days of age [16] . Progenitor and immature Leydig cells have the capacity for active mitotic divisions, unlike adult Leydig cells, which are unable to divide but have full steroidogenic capacity [17] . Androgen synthesis in Leydig cells involves transport of the steroid substrate cholesterol from the outer to inner mitochondrial membrane by the steroidogenic acute regulatory protein (StAR). Cholesterol is subsequently converted into pregnenolone by the P450 cholesterol side-chain cleavage enzyme (P450scc/CYP11A1) [17] . Pregnenolone moves out of the mitochondria and into the smooth endoplasmic reticulum where it is acted upon, in succession, by 3b-hydroxysteroid dehydrogenase (HSD3B), 17a-hydroxylase/C17-20 lyase (CY-P17A1), and 17b-hydroxysteroid dehydrogenase type 3 (HSD17B3) to form progesterone, androstenedione, and T, respectively [17] .
Whereas Leydig cells are mainly responsible for androgen production, Sertoli cells provide structural support and nutrition to developing germ cells [18] . In addition, Sertoli cells secrete several factors, including the anti-Müllerian hormone (AMH; also known as Müllerian inhibiting substance [MIS] ). AMH, a member of the transforming growth factor-b family and stimulates regression of the Müllerian ducts in male embryos [18] ; however, its receptors, that is, type-II AMH receptors (AMHR2), are expressed in Sertoli cells and Leydig cells [19] . Thus, AMH acts as an autocrine as well as a paracrine regulator of testicular function due in part to interaction between testicular cells. There is evidence that estrogen-response elements are present in the promoter region of the Amh gene, implying that its expression is regulated by estrogen and ESR agonists [20] .
The present study was designed to investigate the effects of neonatal exposures to isoflavones on testicular development and function. Animal studies were supplemented with in vitro experiments to confirm that observations of biological activity are due, at least in part, to the presence of genistin and daidzin in the soybean (SOY) diet. In addition, observations from in vitro experiments describe a role for daidzein in the regulation of Leydig cells and, hence, endocrine function of the testis.
MATERIALS AND METHODS

Housing
All the animal procedures were performed according to a protocol approved by the Institutional Animal Care and Use Committee of Auburn University. Time-bred Long-Evans dams, purchased from Harlan-Teklad and each weighing approximately 250 g, were allowed 3 days to acclimate in the housing facility of the Department of Laboratory Animal Health, College of Veterinary Medicine at Auburn University. Each dam was housed in a standard plastic cage (length, 0.47 m; width, 0.25 m; height, 0.22 m) containing wood chip bedding (Lab Products) and glass water bottles. Polypropylene cages and glass bottles were used in order to eliminate background exposure to estrogens, which may occur with polycarbonate cages [21] . Animals were housed under constant controlled lighting (12L:12D) and temperature (208C-238C) with free access to pelleted food and water.
Diets
Diets were formulated to contain casein (as control) or SOY. As determined by the manufacturer, the SOY diet contained 510 parts per million genistein and 430 parts per million daidzein based on its content of genistin and daidzin.
Otherwise, both control casein and SOY diets were similar in their content of protein (19.5% vs. 22.8%), carbohydrate (50.4% vs. 45.8%), fat (5.5% vs. 5.6%), energy (3.3 kcal/g vs. 3.2 kcal/g), and micronutrients (Harlan-Teklad).
Animal Studies
Time-bred Long-Evans dams (n ¼ 10, 11) were fed the control diet from Gestational Day 12 to PND 1 and were either continued on the control diet or were fed the SOY diet from PND 2 to PND 21, that is, during the neonatal period. Groups of male rats from control and SOY diet groups, selected randomly from each litter, were euthanized at 22, 35, and 96 days of age to assess testicular function: Leydig cell proliferation, serum T and 17b-estradiol (E2) concentrations, and testicular and Leydig cell T secretion (Fig. 1) .
Measurement of Serum Isoflavone Concentrations
Serum was separated from blood collected at euthanasia from male weanling rats. The concentrations of total and free (aglycone) genistein, daidzein, and equol in serum were determined via liquid chromatography with electrospray tandem mass spectrometry (LC/MS/MS). The detection limit for total genistein, daidzein, and equol were 60, 40, and 150 nM, respectively, for a 10 ll sample. To determine aglycone concentrations, 100 ll samples were incubated overnight to achieve complete enzyme hydrolysis. The limits of detection for genistein, daidzein, and equol aglycones were 8, 4, and 17 nM, respectively. Samples that fell below the minimum level of detection were assigned a concentration of zero detection according to our standard protocol and as described previously [22] .
Isolation of Testicular Cells
The procedure for isolating Leydig cells used at least 26 male rats from each group at PND 22, 14 animals at PND 35, and at least 13 adult rats at 96 days of age. Testes were collected after animals were killed by CO 2 asphyxiation and were digested in a dissociation buffer containing 0.25 mg/ ml collagenase, 46 lg/ml dispase, and 6 lg/ml DNase for 1 h in a shaking water bath at 348C. Seminiferous tubules from immature testis were removed by passing testicular fractions through a nylon mesh (pore size, 0.2 lm; Spectrum Laboratories). The supernatant was centrifuged at 2500 rpm for 15 min at 48C. In contrast, seminiferous tubules obtained from adult testis were removed by gravity sedimentation in dissociation buffer containing 10 mg/ml bovine serum albumin (BSA). In every case, cell fractions were loaded onto a Percoll gradient (Sigma-Aldrich) and then centrifuged at 13 500 rpm for 60 min at 48C. Leydig cells were isolated from the Percoll gradient based on density, and their numbers were estimated using a hemocytometer. The purity of Leydig cell fractions was assessed by histochemical staining for HSD3B using 0.4 mM etiocholan-3b-ol-17-one (Sigma-Aldrich) as the enzyme substrate.
Sertoli cells were isolated from 9-day-old male rats that had not been previously exposed to isoflavones according to our usual protocol after they were killed by CO 2 asphyxiation [23, 24] . Briefly, testes were decapsulated and subjected to sequential enzymatic digestion using a buffer containing 0.1% collagenase, 0.1% hyaluronidase, and 0.25% trypsin inhibitor (catalog no. T9003, Sigma-Aldrich) in 0.5% BSA to eliminate peritubular and Leydig cells. The resulting mixed cell suspension was trypsinized to eliminate clumps and resuspended in serum-free Dulbecco minimum essential media/Ham F-12 (DMEM/F-12) before culture at 378C in matrigel-coated 12-well plates (Collaborative Research). This procedure results in Sertoli cell fractions with greater than 95% purity and preserves their functionality for at least 7 days [23, 24] . The media was changed after 4 h to remove spermatogonia followed by culture of Sertoli cells for 48 h prior to treatment with genistein and daidzein.
Analysis of Proliferative Activity
Proliferative activity in Leydig cells from 22-and 35-day-old male rats from both control and SOY diet groups was investigated by performing [ 3 H] thymidine incorporation assays. Leydig cells were incubated in triplicate in culture medium containing 100 ng/ml of ovine LH and 1 lCi/ml of [ NAPIER ET AL.
Measurement of Serum Steroid Hormones and Leydig Cell T Production
Serum was separated from trunk blood collected from male rats at euthanasia on PND 22, 35, and 96. Serum T and E2 levels were measured by radioimmunoassay (RIA). Testicular parenchyma or explants (100 mg) and aliquots of Leydig cells (0.5-1 3 10 6 ) were incubated in microcentrifuge tubes. The culture medium consisted of DMEM/F-12 buffered with 14 mM NaHCO 3 and 15 mM HEPES (Sigma-Aldrich) and contained 0.1% BSA (MP Biomedicals) and 0.5 mg/ml bovine lipoprotein (Perbio). Incubations were conducted with a maximally stimulating dose of 100 ng/ml ovine LH (National Institute of Diabetes and Digestive and Kidney Diseases, National Institutes of Health) at 348C for 3 h, and T concentrations were assayed in aliquots of spent media using a tritium-based RIA with an interassay variation of 7%-8% [25] .
Analysis of AMH and AMHR2 Protein
The possibility that isoflavones interfere with paracrine regulators of testicular cells was investigated in male rats at 22 days of age by measurement of AMH and AMHR2 in Western blot analyses of testis and Leydig cells.
In Vitro Studies
Due to the possibility that dietary protein source (e.g., casein animal protein vs. soy plant protein) have the capacity, when acting on their own, to affect hormonal activity [25] [26] [27] , primary Leydig cell cultures were incubated with genistein and daidzein to confirm that isoflavones acted directly in testicular cells independent of any action in the hypothalamus and pituitary gland, which are also targeted by endocrine disrupting chemicals [28] . In order to simulate the in vivo exposure paradigm, progenitor (PND 21) and immature Leydig cells (PND 35) were incubated in DMEM/F-12 culture medium containing equimolar concentrations (100 nM) of genistein and/or daidzein (Indofine Chemical Company). After treatment, Leydig cells were assessed for proliferative activity and steroid hormone secretion capacity. Second, concerns about the lack of information on biological effects of daidzein were addressed by incubation of Leydig cells in culture medium containing daidzein. Daidzeintreated Leydig cells were processed to measure proliferative capacity, steroid hormone secretion, and expression of steroidogenic proteins (Fig. 1) . Third, neonatal Sertoli cells were isolated from isoflavone-free 9-day-old male rats and incubated with or without genistein and/or daidzein (0 or 100 nM, 24 h). At the end of the treatment period, expression of AMH and transferrin as markers of Sertoli cell differentiation were analyzed in Western blots (Fig. 1) .
Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE) and Western Blot Analysis
Western blot procedures were performed as previously described [9] . Briefly, Leydig cell protein samples (5-15 lg) in Laemmli buffer (Bio-Rad) and 2-mercaptoethanol (Sigma-Aldrich) were loaded onto 10% Tris-HCl acrylamide gels for separation by SDS-PAGE and subsequently electrotransferred to nitrocellulose membranes (Bio-Rad) for 70-90 min. In order to block nonspecific sites, membranes were incubated in 5% blotto (nonfat, dried milk in 0.1% PBS Tween 20) for 1 h at room temperature (228C-258C) and subsequently overnight at 48C in blotto containing primary antibodies: cyclin D3, (1:500), StAR Illustration of the experimental approach. I) Time-bred Long-Evans dams (10 or 11 animals per group) were fed control diet from Gestational Day 12 to PND 1 and were either continued on the control diet or were fed the SOY diet from PND 2 to PND 21, that is, during the neonatal period. Groups of male rats from control and SOY diet groups, selected randomly from each litter, were killed at 22, 35, and 96 days of age to assess testicular function, that is, Leydig cell proliferation, serum T and 17b-estradiol (E2) concentrations, and testicular and Leydig cell T secretion. II) In vitro experiments were performed with Leydig cells isolated from 21-and 35-day-old male rats not previously exposed to dietary soy for incubation in media containing genistein and/or daidzein and Sertoli cells isolated from 9-day-old rats.
EXPOSURE TO ISOFLAVONES AFFECTS TESTIS DEVELOPMENT then exposed to x-ray films for varying periods of time to establish linearity between exposure time and signal intensity (Denville Scientific). Protein bands were scanned using the Epson 4490 Perfection scanning software (EpsonAmerica) and then quantified on the Doc-lt LS software (Ultra-Violet Products). Protein expression was normalized to b-actin, except for p-Akt Ser473 and p-MAPK3/1, which were normalized to corresponding total or inactive proteins.
Statistical Analysis
The data are presented as the mean 6 SEM except serum isoflavones (mean 6 SD). Assays involving material collected from animal studies were performed three to five times. All in vitro experiments were performed on three separate and independent occasions. On each occasion, Leydig cell treatment was done in triplicate, and RIAs were performed in duplicate. T production was normalized to ng/10 6 Leydig cells. The data were analyzed by either one-way ANOVA followed by the Dunnett test for multiple group comparisons or unpaired t-tests (Prism 4, GraphPad). Differences of P 0.05 were considered significant.
RESULTS
Body weights (g) were similar (P . 0.05), measuring 10.2 6 0.3 and 9.8 6 0.3 at PND 5, 52 6 1.3 and 52.3 6 1.3 at PND 22, 139 6 3.4 and 141 6 3 at PND 35, and 465 6 17 and 482 6 13 at PND 96 in male rats from control and SOY diet groups, respectively.
Serum Isoflavone Concentrations
Serum isoflavone concentrations in 22-day-old weanling male rats from dams maintained on the SOY diet from PND 2 to PND 21 are shown in Table 1 . As expected, genistein was not detected, and daidzein was below the detection limit in control unexposed animals. Genistein and daidzein were mostly present in their conjugated forms in serum and in the micromolar range, whereas unbound aglycones constituted a fraction of total isoflavones measured. For example, genistein was approximately 3% of total aglycones in the SOY diet group. Daidzein was present at greater concentrations in serum than genistein and approximated 5% of total aglycones in the SOY diet group. Measurements indicated that daidzein was converted into its metabolite equol, which was about 1% of total aglycones in the SOY diet group.
Neonatal Exposure to Isoflavones Increased Leydig Cell Proliferation and Decreased AMH Expression
Paired testes weights (g) were similar (P . 0.05) and measured 0.24 6 0.01 versus 0.26 6 0.01 at PND 22, 1.11 6 0.03 versus 1.17 6 0.04 at PND 35, and 3.57 6 0.15 versus 3.39 6 0.08 at PND 96 in male rats from control and SOY diet groups, respectively. Body weights (g) were similar (P . 0.05) and measured 51.9 6 1.3 versus 52. (Fig. 2, A and C) . The results of Western blot analysis showed that proliferative activity was related to greater expression (P , 0.05) of the cell cycle protein cyclin D3 in Leydig cells (Fig. 2B) . Furthermore, testicular AMH expression per unit (lg) protein was decreased (P , 0.05) at 22 days of age after neonatal exposure of male rats to isoflavones compared to control (Fig. 3A) . Conversely, AMHR2 protein was increased in Leydig cells from the SOY diet group compared to control (P , 0.01; Fig. 3B ).
Neonatal Exposure to Isoflavones Exerted Lasting Effects on Steroidogenic Capacity in the Testis
Serum E2 and T concentrations in male rats were decreased (P , 0.05) in the SOY diet group at 22 days of age compared to control (Fig. 4 , A and D) but measurements were equivalent at 35 days (Fig. 4, B and E ). There were no differences in serum E2 concentrations at 96 days of age but serum T concentrations were decreased (P , 0.05) in the SOY diet group compared to control (Fig. 4, C and F) . Furthermore, testicular T production was increased (P , 0.05) in the SOY diet group at 22 and 35 but not at 96 days of age compared to control (Fig. 5A-C) . In contrast, Leydig cell T secretion was decreased (P , 0.01) in the SOY diet group at 22 and 96 days of age but not at 35 days of age (Fig. 5D-F) .
Analysis of the androgen biosynthetic pathway showed that HSD17B3 enzyme protein was decreased (P , 0.01) in the SOY diet group (Fig. 6E) , which paralleled T production levels (Fig. 5F ). However, expression of the StAR protein and other steroidogenic enzymes were either unaffected or increased (P , 0.05) in isoflavone-exposed animals compared to control (Fig. 6A-D) .
Biological Effects Due to Exposure to Isoflavones In Vivo Are Similar to Observations In Vitro
The results of in vitro experiments showed that incubation of Leydig cells isolated from isoflavone-free prepubertal male rats in culture medium containing genistein and daidzein (0, 100 nM, 18 h), but not genistein or daidzein at the same concentrations, increased (P , 0.01) proliferative activity in Leydig cells (Fig. 7A) . Similarly, treatment of Leydig cells isolated from 35-day-old isoflavone-free male rats with genistein and/or daidzein (0, 100 nM, 18 h) decreased Leydig cell T secretion as measured in aliquots of spent media 3 h posttreatment (Fig. 7B) . Furthermore, incubation of neonatal rat Sertoli cells with genistein and/or daidzein (0, 100 nM, 18 
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h), but not genistein or daidzein at same concentrations, had an inhibitory effect (P , 0.05) on AMH and transferrin protein expression (Fig. 7, C and D) .
Daidzein Regulates Leydig Cell Function
Culture of Leydig cells isolated from isoflavone-free prepubertal male rats with daidzein (0, 100, or 200 nM; 18 h) increased (P , 0.05) cellular [ 3 H] thymidine incorporation at 200 nM; this effect was associated with greater (P , 0.05) protein expression of the proliferating cell nuclear antigen (PCNA) (Fig. 8, A and B) . Treatment with 200 nM daidzein caused greater activation of Akt on serine residue 473 (pAkt Ser473 ) and extracellular regulated kinase MAPK3/1 (p-MAPK3/1) compared to control (P , 0.05) (Fig. 8, C and D) . Similarly, incubation of developing Leydig cells in culture medium containing daidzein at 0, 1, 10, 10 2 , 10 3 , or 10 4 nM for 18 h decreased T secretion at 100 nM and 1 lM compared to control (P , 0.05; Fig. 8E ). The decrease in androgen secretion was associated with greater (P , 0.05) StAR protein levels in Leydig cells (Fig. 8F) , whereas steroidogenic enzyme proteins (i.e., CYP11A1, HSD3B, CYP17A1, and HSD17B3) were unaffected (data not shown).
DISCUSSION
The present study showed that exposure to soy isoflavones in the neonatal period increased proliferative activity in developing Leydig cells but exerted an opposite effect on steroid hormone secretion, that is, suppressed androgen concentration, in adult male rats. Androgen is an autocrine regulator of Leydig cells, which express the androgen receptor [29] . Therefore, it is possible that isoflavone inhibition of T secretion impairs or delays Leydig cell differentiation, which contributes to the observed decreases in androgen secretion. The neonatal period, albeit short in rodents, is thought to approximate the period during which infants are raised on soybased formulas [30] . The concentrations of biologically active FIG. 4. Serum was separated from blood after euthanasia of male rats at 22, 35, and 96 days of age after exposure to isoflavones in the neonatal period. Serum samples were assayed for 17b-estradiol (E2) (A-C) and testosterone (T) (D-F) concentrations by RIA. PND, postnatal day; CTRL, control; SOY, soy diet. Bars represent means 6 SEM. * P , 0.05 versus control; **P , 0.01 versus control.
NAPIER ET AL. aglycones (i.e., free compounds) that were measured in the present study, that is, in the nanomolar range, compare to levels measured in infants consuming soy infant formula (;300 nM) [8] . Although equol aglycone concentrations were generally low in serum (,1% of total equol), it measured at half the concentration of daidzein aglycone in the SOY diet group (92 6 41 nM vs. 180 6 100 nM). The presence of measurable amounts of equol in weanling male rats confirms that gut microflora required for reductive metabolism of daidzein to equol was already present in rats at 22 days of age. This finding is in agreement with previous reports indicating that about 30% of the human population and pubertal and older rats are able to degrade daidzein into equol [31, 32] . Therefore, it is likely that equol contributes to biological effects associated with consumption of soy-based food products as was previously reported [33] . However, exposure assessment in male rats subjected to the neonatal exposure paradigm as a basis for extrapolation to infants maintained on soy formulas presents several challenges because 1) the nursing period in rodents has a much shorter duration (21 days) compared to the period of infanthood in humans; 2) isoflavone secretion into milk is not substantial in rodents [34] ; 3) nursing rats can feed on solid food from Day 10 postpartum and thereby ingest isoflavones through direct consumption in addition to what is transferred in milk; and 4) metabolic capacity is rudimentary early in the neonatal period although nursing male rats have developed similar capacity for isoflavone metabolism as adult rats by Day 21 postpartum [35] . For example, we observed previously that the mean estimated dose of genistein delivered to pups via milk was approximately 3100-fold lower than the mean dose delivered by maternal diet [34] . Therefore, serum isoflavone concentrations measured at weaning in the present study likely reflects isoflavone intake through both nursing and solid food intake [36] .
The present findings of reduced serum E2 and T concentrations in 22-and 96-day-old rats, respectively, FIG. 5. Testicular explants and Leydig cells were obtained from male rats at 22, 35, and 96 days of age after exposure to isoflavones in the neonatal period. Testicular explants (A-C) and Leydig cells (D-F) were incubated in triplicate in culture medium containing ovine LH (100 ng/ml) and assayed for testosterone (T) secretion by RIA. PND, postnatal day; CTRL, control; SOY, soy diet. Bars represent means 6 SEM. *P , 0.05 versus control; **P , 0.01 versus control.
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contrasts with previous observations of increased serum steroid hormone production in similarly aged animals under the perinatal exposure paradigm [9] . There is general consensus that serum sex hormone concentrations depend not only on steroidogenic capacity but also on the number of Leydig cells [37] . Although increased proliferation was observed under both exposure paradigms, we did not quantify Leydig cell numbers in the present study. Nevertheless, it is likely that greater Leydig cell populations result from the longer duration of perinatal (30 days) than for neonatal isoflavone exposures (20 days). On the other hand, it is possible that increased proliferative activity by Leydig cells did not increase their numbers to a degree that completely alleviated deficits in androgen secretion in the present study. Furthermore, it is perhaps reasonable to speculate that lower serum E2 concentrations in neonatal male rats in the SOY diet group is in part the consequence of altered aromatase activity, which is required to convert T into E2. While not investigated in the present study, other reports have shown that genistein and daidzein can inhibit aromatase expression in granulosa-luteal cells in the human ovary [38] . Therefore, the finding of decreased serum E2 levels has implications for germ cell development as was seen in aromatase-deficient mice [39, 40] . However, neonatal exposure to soy isoflavones increased Leydig cell proliferation as was observed in 22-day-old rats exposed to soy isoflavones during the perinatal period [9] . Therefore, it is likely that disparities in testicular and Leydig cell T production in growing rats are related to changes in Leydig cell numbers in the testis.
Neonatal exposure to soy isoflavones affected development of steroidogenic capacity as evidenced by altered StAR and steroidogenic enzyme protein levels in adult Leydig cells. Although StAR protein was paradoxically increased in the presence of decreased T production, augmented StAR protein levels are likely due to decreased LH stimulation and reduced StAR phosphorylation, which is critical for translocation of cytosolic cholesterol into the mitochondria [9, 41] . Importantly, neonatal exposure to isoflavones markedly decreased expression of the HSD17B3 enzyme protein; this enzyme is involved in the enzymatic conversion of androstenedione to T in the final step of androgen biosynthesis. Although serum LH levels were not assayed in the present study, decreased HSD17B3 expression has been attributed to reduced LH stimulation of Leydig cells as was evident in testis of hypogonadal and testicular feminized (tfm) mice [42] . Therefore, the observed increases in HSD3B and CYP17A1 protein expression were probably due to homeostatic adjustments provoked by diminished LH stimulation of cholesterol availability and/or utilization in Leydig cells.
Expression of AMH and transferrin was decreased by isoflavones in vivo and in vitro, indicating that isoflavones regulate Sertoli cells. It is plausible that isoflavone inhibition of the AMH protein was a contributing factor to increased proliferative activity in Leydig cells. This inference is supported by previous findings showing that AMH-overex- NAPIER ET AL. pressing mice exhibited reduced Leydig cell numbers [40] , whereas AMH-deficient mice developed Leydig cell hyperplasia [43] [44] [45] . Nevertheless, it has been suggested that AMH expression can be up-regulated or inhibited by estrogen depending on the ESR subtype predominant in estrogensensitive tissues. However, rat Leydig cells express only ESR1 [37] , and AMH expression was also decreased in human granulosa cells of growing follicles, which express mostly ESR2, following E2 hyperstimulation [20] . Similarly, treatment of Sertoli cells with genistein and daidzein decreased transferrin protein expression levels. Transferrin is a marker of Sertoli cell differentiation and serves to deliver Fe 2þ ions to spermatocytes during spermatogenesis [46, 47] . Therefore, the inhibitory effects of soy isoflavones in Sertoli cells may disrupt germ cell development and sperm production. Indeed, previous reports showed that feeding of adult Wistar male rats with a high phytoestrogen diet (i.e., 225 lg/g genistein and 180 lg/g daidzein) over a period of 24 days disrupted spermatogenesis FIG. 7 . Leydig cells were isolated and pooled from isoflavone-free male rats at 21 days of age (n = 35) and incubated in culture medium containing ovine LH (10 ng/ml) and genistein (GEN) and/or daidzein (DAID) (100 nM, 18 h). After treatment, Leydig cells were analyzed for thymidine incorporation by scintillation counting (A). In separate experiments using Leydig cells pooled from 35-day-old male rats, Leydig cells were treated with GEN and/or DAID (18 h) and analyzed for T production 3h posttreatment by RIA (B). In addition, protein expression of AMH and transferrin were analyzed in primary cultures of Sertoli cells after incubation in culture medium containing GEN and/or DAID (100 nM, 18 h) (C, D). Protein levels were measured by Western blot analysis using anti-AMH and anti-transferrin antibodies and appropriate secondary antibodies. The data represent the results of three separate and independent experiments and at least three Western blot procedures for each parameter per experiment. Protein levels were normalized to ACTB. AMH ¼ 63 kDa, transferrin ¼ 79 kDa, ACTB ¼ 42 kDa. Bars represent means 6 SEM. *P , 0.05 versus control; **P , 0.01 versus control.
and increased germ cell apoptosis [48] . We observed previously that the industrial chemical and xenoestrogen bisphenol A exerted a similar inhibitory effect on AMH secretion by Sertoli cells [49] . Furthermore, the finding of decreased AMH and transferrin protein expression by Sertoli cells implies that the effects of soy-based diets potentially occur in multiple cells in the testis. If that were the case, isoflavones likely cause effects greater than results of assays of individual cell types suggest.
Although genistein and daidzein are both known to be estrogenic [5, 6] , the present study did not establish that biological effects due to isoflavones were necessarily mediated by ESRs. However, our findings are consistent with several reports in the literature. For example, plasma T concentrations were decreased after exposure of male rats to 5 or 300 mg/kg genistein in the diet during the perinatal period compared to control animals maintained on isoflavone-free diets [3] as well as in neonatal male rats that were subcutaneously administered with microgram amounts of the synthetic estrogen diethylstilbestrol [50] . Similar to developmental exposures, feeding of a phytoestrogen diet (600 lg/g) containing mostly genistin and daidzin to adult male rats for 5 wk had a suppressive effect on serum T concentrations [51] . In studies of nonhuman primates, marmoset monkeys fed with 1.6-3.5 mg/kg/day isoflavones FIG. 8. Leydig cells were isolated and pooled from isoflavone-free male rats at 21 days of age (n ¼ 35). Proliferative activity was assessed by [ 3 H] thymidine incorporation after incubation of Leydig cells in culture medium containing daidzein (0, 100, or 200 nM, 18 h) and ovine LH (10 ng/ml) (A). Expression of proliferating cell nuclear antigen (PCNA) (B) and protein kinase activation of protein kinase B (Akt) and extracellular regulated kinase (MAPK3/1) were analyzed in Western blots (C, D). In separate experiments, Leydig cells isolated from isoflavone-free 35-day-old male rats were incubated in culture medium containing daidzein (18 h) and ovine LH (100 ng/ml) followed by measurement of T secretion in aliquots of spent media by RIA (E). Leydig cells were processed for Western blot analysis of steroidogenic acute regulatory protein (StAR) levels (F). PCNA and StAR protein were analyzed in Western blots of Leydig cells probed with anti-PCNA, anti-Akt, anti-p-Akt Ser473 , anti-MAPK3/1, anti-p-MAPK3/1, and antiStAR primary antibodies and the appropriate secondary antibodies. The data for each parameter represent the results from three separate and independent experiments and at least three Western blot procedures. PCNA and StAR protein were normalized to ACTB, whereas the levels of p-MAPK3/1 and p-Akt Ser473 were normalized to total MAPK3/1 and total Akt levels, respectively. PCNA ¼ 35 kDa, AKT/p-AKT Ser473 ¼ 56/60 kDa, (p-) MAPK3/1 ¼ 42/44 kDa, StAR ¼ 30 kDa, ACTB ¼ 42 kDa. Bars represent means 6 SEM. *P , 0.05 versus control; **P , 0.01 versus control.
from Days 4-5 postpartum until 35-45 days of age, which is similar to the feeding of a 100% soy formula diet to 4-mo-old human infants, exhibited reduced T concentrations at 6 wk of age compared to age-matched controls maintained on cow milk formula [2] . However, these observations were challenged by the possibility that numerous bioactive substances found in soybean meal (i.e., glycetin and phytic acids) have the capacity to alter sex steroid metabolism [10, 11] . Also, soy protein was credited with the capacity to regulate thyroxine metabolism, which potentially affects steroidogenic capacity in Leydig cells [52, 53] . In the present study, we attempted to eliminate these confounders by demonstrating direct genistein and daidzein effects on testicular parameters using Leydig cells isolated from animals not previously exposed to isoflavones.
The present results confirmed that genistein and daidzein are both capable of regulating Leydig cells and support our previous observation of direct genistein action in Leydig cells [9] . The data also demonstrated that incubation with daidzein induced proliferative activity and suppressed steroidogenic capacity in Leydig cells. It appears that genistein and daidzein share signaling pathways in their regulation of Leydig cells because, similar to genistein [9] , daidzein treatment activated protein kinases (i.e., Akt, MAPK). Moreover, and based on reports indicating that the S-equol metabolite binds to ESRs with higher affinity than daidzein [13] , analysis of the effects of equol on Leydig cell development and testicular function warrants further attention and investigation. These results imply that additive effects may occur after exposure to multiple chemicals that act by the same signaling pathways. For example, increased proliferation of progenitor Leydig cells occurred after incubation with genistein and daidzein but not genistein or daidzein alone at the same concentrations. Pharmacokinetic interactions between chemicals may also occur to alter the biological action of constituent chemicals [54] . Interestingly, we observed a nonlinear dose inhibition of T secretion by daidzein. Nonmonotonic dose-response curves are typical of estrogenic compounds and have been described for several endocrine disruptors. For example, adult male rats exposed to 5 parts per million genistein during the perinatal period had smaller serum T concentrations than rats exposed to the 300 parts per million concentration [3] . The mechanisms responsible for nonmonotonic dose-response curves remain to be clarified but are thought to be related to ESR biology. Because low receptor occupancy appears to be adequate to induce ESR signaling, it is possible that effects of estrogenic compounds at high doses result from a combination of receptor-and nonreceptor-mediated activities [55, 56] .
In summary, the results of this study demonstrate that feeding of soy-based diets during development potentially disrupts gonadal development. Given the interactions that occur between regulatory pathways in the reproductive axis, additional studies are required to identify long-term effects of the use of soy-based food products on reproductive tract development to support the process of risk assessment of the population.
